1. Introduction {#sec1}
===============

Gut microbiota represents a large and complex microbial community, which is composed of at least 500 to 1,000 species in the mammal ([@bib28]). Gut microbiota communities interact with each other and their host, which exerts a vital role in the host physiology and metabolism, including modulation of energy harvest, nutrients metabolism, and immune system development ([@bib32]). There is inter-individual variability in the qualitative and quantitative composition of species, taxonomic units, abundance and biodiversity. These heterogeneities are affected by different factors, such as genome, age, sex, geographic location, pathological conditions, pharmacological treatments and daily diet ([@bib31], [@bib34]). Among all these factors, changes in the dietary components can quickly alter the composition of microbiota ([@bib31]). Protein is one of the most common and main components in diets, the portion of the dietary nitrogenous compounds escape digestion in the small intestine and enter the large intestine to be further utilized by the hindgut microbiota (mainly at the distal colon) ([@bib12]).

Gut microbiota can synthesize abundant proteases and peptidases to hydrolyzed proteins and peptides, and they can also catabolize almost all kinds of amino acids (AA) ([@bib12], [@bib14]). *Bacteroides* and *Propionibacterium* have been identified as the predominant proteolytic species in fecal samples, while clostridia, streptococci, *Fusobacterium* and *Lactobacillus* are also the frequently seen proteolytic bacteria ([@bib22], [@bib26]). Studies revealed that the relative concentrations of different AA available to gut microbiota can greatly affect the overall AA utilization at the community level ([@bib6]).

To ensure the maximum growth performance, nitrogen (N) was usually supplied excessively in the animal diets, which leads to a waste of protein resources and N pollution. Previous studies have shown that the properly reduced dietary protein content and supplementation with crystalline AA reduce N excretion without affecting the growth performance of pigs ([@bib19]). Moreover, it is found that the high-protein diet can increase the abundances of *Escherichia coli*, *Clostridium* and *Clostridium perfringens* in the feces of piglets ([@bib25]) and rats ([@bib5]). The structural composition of gut microbiota and its metabolites affect the host homeostasis. Therefore, it is necessary to clearly determine the alterations in gut microbiota induced by the low protein diets. At present, several studies have been carried out to examine the effects of low protein diet on gut microbiota, and they mainly focus on different protein contents or protein sources ([@bib30], [@bib27], [@bib35], [@bib10]). Nonetheless, limited data are available concerning the effects of different EAA supplementation patterns in low protein diet on the gut microbiota of pigs. Therefore, pigs in this study were fed diets containing different dietary protein levels or AA from 25 to 125 kg, and then the composition and functions of colonic microbiota were analyzed through 16S rRNA sequencing and the software package Tax4Fun, respectively.

2. Materials and methods {#sec2}
========================

The experiment was conducted in Metabolism Laboratory of Institute of Animal Nutrition, Sichuan Agricultural University (Ya\'an, China). The experimental protocols used in the current study were reviewed and approved by the Animal Care and Use Committee of Sichuan Province (CD-SYXK-2017-015).

2.1. Experimental design and treatments {#sec2.1}
---------------------------------------

A total of 42 barrows (\[Landrace × Yorkshire\] × Duroc; initial body weight = 25 ± 0.39 kg) were randomly assigned to 7 experimental groups based on their body weight for a 110-d trial that was divided into 4 phases (25 to 50 kg, 50 to 75 kg, 75 to 100 kg and 100 to 125 kg). The experimental design was presented in [Table 1](#tbl1){ref-type="table"}. Experimental diets were formulated to meet or exceed the nutrient requirements recommended by the [@bib23], except for the dietary crude protein (CP) contents and AA levels. The 7 diets were as follows. Diet 1 was a high crude protein (HCP) diet with CP levels of 17.5%, 16.0%, 14.5% and 13.0% at the 4 phases, respectively, and balanced for 10 essential amino acids (EAA). Diet 2 was a medium crude protein (MCP) diet, which was based on the [@bib23] recommendation, with CP levels (approximately 2% lower than those of diet 1) of 15.70%, 13.5%, 12.13% and 10.44% at the 4 phases, respectively, and balanced for 10 EAA. Additionally, the dietary CP levels of diet 3, 4, 5, 6 and 7 (low crude protein \[LCP\] diets) were 4% lower than those of diet 1. Specifically, diet 3 was only balanced for Lys, Met, Thr and Trp. Diets 4, 5 and 6 were further supplemented with Ile, Val and Ile + Val on the basis of diet 3, respectively. Diet 6 was further supplemented with extra Ile + Val and diet 7 was balanced for 10 EAA. The diets were mainly composed of corn, wheat bran, soybean meal and rapeseed meal (Appendix [Tables 1 to 4](#appsec1){ref-type="sec"}). The CP and AA contents in the ingredients and experimental diets were analyzed before feeding. All pigs were individually housed into the stainless-steel metabolic crates (1.4 m long × 0.70 m wide × 0.85 m high). Pigs were fed 3 times a day at 08:00, 14:00 and 20:00 and had free access to water throughout the experiment.Table 1Design of experiment.Table 1DietCP levelEAA balanced patterns1High CP10 EAA[1](#tbl1fn1){ref-type="table-fn"}2Medium CP (−2%)10 EAA3Low CP (−4%)Lys, Thr, Trp and Met4Low CP (−4%)Lys, Thr, Trp, Met and Ile5Low CP (−4%)Lys, Thr, Trp, Met and Val6Low CP (−4%)Lys, Thr, Trp, Met, Val and Ile7Low CP (−4%)10 EAA[^1][^2]

2.2. Nitrogen balance study {#sec2.2}
---------------------------

On the last 4 d of the trial, total feces and urine from all pigs were collected and recorded daily, respectively. Afterwards, the fecal samples from each pig collected on 4 d were mixed, then 500 g of the mixed sample was collected to dry at 65 °C in a forced-draft oven and grounded using a 0.45-mm screen. The final dry samples from all pigs were preserved at −20 °C for further analysis. The urine samples collected on 4 d from each pig were mixed, then 100 mL of the mixed sample was collected and kept at −20 °C. To determine the N balance, the CP contents in diets, as well as fecal and urine samples were analyzed according to methods proposed by the [@bib1].

At the end of the trial, all pigs were slaughtered, and approximately 8 g of colonic digesta from each pig was collected in a sterile tube, which was then immediately stored at −80 °C for genomic DNA extraction and metabolite profile detection.

2.3. DNA extraction and sequencing {#sec2.3}
----------------------------------

Approximately 100 mg of colonic contents were weighed, and total genomic DNA was extracted using the stool DNA extraction kit (E.Z.N.A.TM stool DNA isolation kit, D4015-01, Omega Bio-Tek, USA) in accordance with manufacturer instructions. DNA concentration and quality were detected using the Nanodrop Spectrophotometer. Afterwards, the bacterial universal V4 region of the 16S rRNA gene was amplified using the PCR bar-coded primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR reaction system (50 μL) contained 2 × PCR buffer, 1.5 mmol/L MgCl~2~, 0.4 mmol/L of each dNTP, 1.0 μmol/L of each primer, 0.5 U of KOD-Plus-Neo (TOYOBO) and 10 ng template DNA. The PCR amplification conditions were as follows: initial denaturation at 94 °C for 1 min, followed by 30 cycles of denaturation at 94 °C for 20 s, annealing at 55 °C for 30 s as well as elongation at 72 °C for 30 s, and then the final extension at 72 °C for 5 min. In addition, the PCR products mixed with 1/6 volume of 6 × loading buffer were loaded onto the 2% agarose gel for detection. Then, samples with a bright main strip of 200 to 400 bp were selected for subsequent experiments. The electrophoresis band was purified using the OMEGA Gel Extraction Kit (Omega Bio-Tek, USA). DNA was quantified using the Qubit 2.0 Fluorometer (Thermo Scientific), and PCR products from different samples were pooled at an equivalent molar amount. The sequencing libraries were generated using the TruSeq DNA PCR-Free Sample Prep Kit in accordance with the manufacturer protocols, and the index codes were added. Moreover, the library quality was assessed by the Qubit 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. At last, the library was subjected to paired-end sequencing (2 × 250 bp) using the Illumina Hiseq apparatus. All reads were uploaded to the National Center for Biotechnology Information (NCBI) and were accessed in the Short Read Archive (SRA) under accession number SRR7585932.

2.4. Detection of metabolite profiles in the colonic contents {#sec2.4}
-------------------------------------------------------------

Concentrations of main short chain fatty acids (SCFA, including acetate, propionate, butyrate, isobutyrate and branched chain valerate) in the colonic digesta samples were determined by gas chromatography (GC) (GC-14B, Shimadzu, Japan; capillary column: 30 m × 0.32 mm × 0.25 μm film thickness). Briefly, 0.2 g colonic digesta was thawed and suspended into 0.3 mL of methanol (50%). Then, each sample was centrifuged at 10,000 × *g* and 4 °C for 10 min, and 0.1-mL supernatant was transferred into a 0.5-mL centrifuge tube to mix with 0.02-mL crotonic acid-metaphosphate acid, followed by another 10 min of centrifugation at 15,000 × *g* and 4 °C. Later, 0.1-mL supernatant was collected and added into 0.7-mL methanol, followed by vortexing and 10 min of centrifugation at 12,000 × *g* and 4 °C. Afterwards, the supernatant was analyzed by means of GC using a flame ionization detector, with the oven temperature from 100 to 150 °C (N~2~ was used as the carrier gas at the flow rate of 1.8 mL/min).

The concentration of ammonia nitrogen (NH~3~--N) in colonic contents was determined through the spectrophotometric approach using the Nessler reagent with yellow color and photometer at the wavelength of 420 nm.

2.5. Analysis of sequencing data {#sec2.5}
--------------------------------

The sequences were analyzed in accordance with the Usearch and QIIME pipeline. The paired-end reads from the original DNA fragments were merged by FLASH4. Then, the sequences were assigned to each sample based on the unique barcode, the low quality reads (with the length of \<200 bp and over 2 ambiguous base 'N' or the average base quality score of \<30) were filtered, and sequences with decayed quality scores (score of \<11) were truncated using Trimmomatic36 and Usearch. After identifying the duplicated sequences, all the singletons were discarded, since they might be the unfavorable amplifications and lead to over-estimated diversity. Sequences were then clustered into the operational taxonomic units (OTU) at the identity threshold of 97% using the UPARSE algorithms. Thereafter, the representative sequences were picked and the potential chimeras were removed using the Uchime algorithm. Taxonomy was then assigned using the Silva database and uclust classifier in QIIME. All data were analyzed using R or Python. Subsequently, principal coordinate analysis (PCoA) and LEfSe analysis were carried out using Ape40 package and Python LEfSe package, respectively. The functional profiles of microbial communities were predicted using Tax4Fun.

2.6. Statistical analyses {#sec2.6}
-------------------------

In this study, each pig was used as an experimental unit. Data normality was analyzed by the Kolmogorov--Smirnov test using SPSS for Windows version 20.0 (SPSS). For normally distributed data that exhibited homogeneity of variance, data on different protein level groups with 10 balanced EAA, and those on different EAA supplementation patterns with the same protein level, were analyzed using the one-way analysis of variance (ANOVA) and Duncan\'s post hoc test, respectively. The SPSS 20.0 software was adopted for all statistical analyses, and the significance level was set at *P* \< 0.05.

3. Results {#sec3}
==========

3.1. Nitrogen balance of fattening pigs {#sec3.1}
---------------------------------------

The N balance data of pigs are shown in [Table 2](#tbl2){ref-type="table"}. Balancing 10 EAA and reducing the dietary CP level by 2% or 4% dramatically decreased the N intake and total N excretion (*P* \< 0.05); specifically, the total N excretion decreased by 23.40% and 44.13%, respectively. A 4% reduction in dietary protein levels significantly reduced the N retention but significantly increased the N retention rate (*P* \< 0.05). When the dietary CP level was reduced by 4%, the total N excretion of the group supplemented with Lys, Met, Thr and Trp was higher than that of the further supplemented Ile group, Val group, Val + Ile group and the balanced 10 EAA group by 14.09%, 3.84%, 3.77% and 15.84%, respectively. Similarly, the N retention rate of the group supplemented with Lys, Met, Thr and Trp was lower than that of the other 4 amino acid addition groups by 3.34%, 3.41%, 2.63%, and 7.55%, respectively.Table 2Nitrogen (N) balance of fattening pigs fed low protein diets supplemented with different EAA[1](#tbl2fn1){ref-type="table-fn"}.Table 2ItemHCPMCP (−2%)LCP (−4%)SEM*P*-values[2](#tbl2fn2){ref-type="table-fn"}10 EAA10 EAALys, Met, Thr, TrpLys, Met, Thr, Trp, IleLys, Met, Thr, Trp, ValLys, Met, Thr, Trp, Ile, Val10 EAA*P*~1~*P*~2~N intake, g/d59.58^x^49.99^y^42.8340.4644.3943.5344.23^z^1.09\<0.010.13FN, g/d6.79^x^6.14^xy^5.794.975.635.435.21^y^0.150.040.26UN, g/d15.35^x^10.82^y^8.547.598.178.387.15^z^0.57\<0.010.82TN, g/d22.14^x^16.96^y^14.3312.5613.8013.8112.37^z^0.66\<0.010.54RN, g/d37.44^x^33.03^xy^28.5027.9130.5929.7331.87^y^0.690.040.16N retention rate, %62.95^y^65.94^y^66.5868.8868.9368.3872.02^x^0.850.020.45N ABV, %70.96^y^75.21^y^77.0278.5778.9778.1181.66^x^0.960.010.70[^3][^4][^5][^6]

3.2. SCFA and NH~3~--N concentrations in the colonic contents {#sec3.2}
-------------------------------------------------------------

As shown in [Table 3](#tbl3){ref-type="table"}, in the presence of balanced 10 EAA, reducing the dietary CP level by 2% or 4% apparently decreased the NH~3~--N concentration in colonic contents (*P* \< 0.05). Nonetheless, there were no significant differences in the concentrations of SCFA, including acetate, propionate, butyrate, isobutyrate and branched chain valerate, among different dietary CP level groups. When the dietary CP level was reduced by 4%, the colonic isobutyrate concentration in pigs fed diet supplemented with Lys, Met, Thr, Trp, Val and Ile was higher than that in pigs fed diets supplemented with Lys, Met, Thr and Trp by 44.44%. No differences in other SCFA and NH~3~--N concentrations were found between the 5 low protein diet groups.Table 3Colonic microbial metabolism products of fattening pigs fed low protein diets supplemented with different EAA[1](#tbl3fn1){ref-type="table-fn"}.Table 3ItemHCPMCP (−2%)LCP (−4%)SEM*P*-values[2](#tbl3fn2){ref-type="table-fn"}10 EAA10 EAALys, Met, Thr, TrpLys, Met, Thr, Trp, IleLys, Met, Thr, Trp, ValLys, Met, Thr, Trp, Ile, Val10 EAA*P*~1~*P*~2~Acetate, mg/g2.031.981.842.252.331.982.390.070.210.20Propionate, mg/g1.181.00.920.951.080.811.140.050.610.39Butyrate, mg/g0.840.800.800.770.860.791.000.040.240.33Isobutyrate, mg/g0.120.110.09^b^0.12^ab^0.11^ab^0.13^a^0.12^ab^0.030.430.10BC valerate, mg/g0.260.200.200.220.200.210.210.010.220.98NH~3~--N, mg/kg692.05^x^390.15^y^368.88326.67347.71310.63300.55^y^28.87\<0.010.83[^7][^8][^9][^10][^11]

3.3. Diversity of colonic microbiota {#sec3.3}
------------------------------------

A total of 8,244,072 valid sequences were obtained from all samples after size filtering, quality control and chimera removal, with the mean sequence length of 320.10 ± 13.91 bp/sample. When the overall OTU numbers were classified at a distance level of 0.03 (97% similarity), all the sequences were assigned to 43,374 OTU, which were assigned to 40 bacterial phyla and 676 bacterial genera. As showed in [Table 4](#tbl4){ref-type="table"}, no differences were detected in the alpha-diversity indexes, including Shannon, Simpson, ACE and Chao of colonic microbiota, among different dietary protein level or EAA balanced pattern groups.Table 4The alpha-diversity of colonic microbiota of fattening pigs fed low protein diets supplemented with different EAA[1](#tbl4fn1){ref-type="table-fn"}.Table 4ItemHCPMCP (−2%)LCP (−4%)SEM*P*-values[2](#tbl4fn2){ref-type="table-fn"}10 EAA10 EAALys, Met, Thr, TrpLys, Met, Thr, Trp, IleLys, Met, Thr, Trp, ValLys, Met, Thr, Trp, Ile, Val10EAA*P*~1~*P*~2~Chao139.86188.86153.57204.69167.55182.22164.817.980.320.47Ace41.6647.8044.6249.3345.3549.1345.620.870.230.31Shannon6.546.716.556.566.476.666.660.040.560.62Simpson0.170.230.180.170.130.160.180.010.480.65[^12][^13][^14]

To test the relationships among the colonic bacterial community structures across different dietary protein level diets and EAA balanced pattern diets, PCoA was performed based on the weighted Unifrac distances of the 16S rRNA sequence profiles at OTU level ([Fig. 1](#fig1){ref-type="fig"}). The UniFrac distances suggested that both the protein levels and EAA supplementation patterns affected the colonic microbiota. In the presence of balanced 10 EAA, the HCP diet and LCP diet could not be separated in terms of the colonic microbiome, whereas the MCP diet could be separated from the HCP diet and LCP diet. When the dietary CP level was reduced by 4%, the Lys, Met, Thr and Trp supplementation diets were distinctly separated from the further Val + Ile supplementation diet and balanced 10 EAA diet, respectively; meanwhile, the further Val supplementation diet was also separated from the further Val + Ile supplementation diet and the balanced 10 EAA diet.Fig. 1Principal coordinate analysis (PCoA) of bacterial community structures of the colonic microbiota. (A) PCoA of fattening pigs\' colonic bacteria among different dietary protein levels groups. Diet 1 was a high protein diet, diet 2 was a medium protein diet (−2%) and diet 7 was a low protein diet (−4%). (B) PCoA of fattening pigs\' colonic bacteria among different amino acid supplementation patterns in low protein diet (−4%). Diet 3 was supplemented with Lys, Met, Thr and Trp; diets 4, 5 and 6 were further supplemented with Ile, Val and Ile + Val on the basis of diet 3, respectively; diet 7 was balanced with 10 EAA.Fig. 1

3.4. Community structure of the colonic microbiota {#sec3.4}
--------------------------------------------------

[Figure 2](#fig2){ref-type="fig"} ([Appendix Tables 5 and 6](#appsec1){ref-type="sec"}) and [Fig. 3](#fig3){ref-type="fig"} ([Appendix Tables 7 and 8](#appsec1){ref-type="sec"}) showed the overall microbiota compositions in different diets at phylum and genus levels, respectively. As could be observed, Firmicutes, Bacteroidetes, Proteobacteria, Spirochaetae and Acidobacteria were the dominant phyla in all samples, which accounted for over 95% of the total colonic bacterial community. In addition, the dominant genera of all samples were *Prevotellaceae* NK3B31 group*, Anaerovibrio, Prevotella* 9*, Lachnospiraceae* NK4A136 group*, Succinivibrio, Lachnospiraceae* XPB1014 group*, Prevotella* 1 and *Ruminococcaceae* UCG-005. At phylum level, when the dietary CP levels were reduced by 2% and 4% with balanced 10 EAA, the abundances of Firmicutes dramatically decreased from 59.03% to 46.22% (*P* \< 0.05) and 51.78%, respectively, while those of Bacteroidetes markedly altered from 29.46% to 37.88% (*P* \< 0.05) and 28.50%, respectively; furthermore, the decrease in the dietary CP levels significantly increased the abundances of Proteobacteria from 4.70% to 9.26% and 13.75% (*P* \< 0.05), respectively. When the dietary CP levels were reduced by 4%, the abundances of Firmicutes of the Lys, Met, Thr and Trp supplementation group was lower than that of the further Val + Ile supplementation group (*P* \< 0.05) and the balanced 10 EAA group by 14.75% and 10.16%, respectively. Similarly, the abundances of Bacteroidetes in the Lys, Met, Thr and Trp supplementation group were higher than that of the other 2 amino acid addition groups (*P* \< 0.05) by 32.81% and 34.49%, respectively. Meanwhile, the abundance of Actinobacteria in the further Val supplementation group was also reduced.Fig. 2Colonic bacterial community structure on phylum level of fattening pigs. (A) Relative abundance of colonic bacterial of fattening among different dietary protein levels groups. Diet 1 was a high protein diet, diet 2 was a medium protein diet (−2%) and diet 7 was a low protein diet (−4%). (B) Relative abundance of colonic bacterial of fattening among different amino acid supplementation patterns of in low protein diet (−4%). Diet 3 was supplemented with Lys, Met, Thr and Trp; diets 4, 5 and 6 were further supplemented with Ile, Val and Ile + Val on the basis of diet 3, respectively; diet 7 was balanced with 10 EAA.Fig. 2Fig. 3Colonic bacterial community structure on genus level of fattening pigs. (A) Relative abundance of colonic bacterial (percentage) of fattening among different dietary protein levels. Diet 1 was a high protein diet, diet 2 was a medium protein diet (−2%) and diet 7 was a low protein diet (−4%). (B) Relative abundance of colonic bacterial (percentage) of fattening among different amino acid supplementation patterns in low protein diet (−4%). Diet 3 supplemented with Lys, Met, Thr and Trp; diets 4, 5 and 6 were further supplemented with Ile, Val and Ile + Val on the basis of diet 3, respectively; diet 7 was balanced with 10 EAA.Fig. 3

At genus level, with balanced 10 EAA, a 2% reduction in the dietary CP level outstandingly enhanced the abundance of *Prevotellaceae* NK3B31 group (*P* \< 0.05) belonging to Bacteroidetes; whereas a 4% reduction in the dietary CP level markedly elevated the abundances of *Succinivibrio* and *Lachnospiraceae* XPB1014 group (*P* \< 0.05), and evidently decreased the abundance of *Lactobacillus* (*P* \< 0.05). When the dietary CP level was reduced by 4%, compared with the Lys, Met, Thr and Trp supplementation group, the further supplement Ile group and balanced 10EAA group had significantly reduced abundance of *Prevotellaceae* NK3B31 group (*P* \< 0.05)*,* the group with balanced 10 EAA had notably increased abundance of *Succinivibrio* (*P* \< 0.05), while other EAA supplementation groups had remarkably reduced abundance of *Rikenellaceae* RC9 gut group (*P* \< 0.05). The further supplement Val + Ile group had lower abundances of *Prevotella 9* and *Anaerovibrio* than those of the further supplement Val alone group (*P* \< 0.05). At the same time, higher abundances of *Lachnospiraceae* NK4A136 group and *Lachnospiraceae* XPB1014 group were detected in the further supplement Val + Ile group (*P* \< 0.05).

3.5. Predicted functions of colonic microbiota {#sec3.5}
----------------------------------------------

To investigate functional changes of colonic microbial communities, the Tax4FUN software was applied in the 16S rRNA datasets. The results of Tax4FUN were analyzed through the Kruskal--Wallis rank sum test. Among the 47 genes related to N metabolism, 7 differentially expressed genes (DEG) were selected and displayed in the manner of heat map ([Fig. 4](#fig4){ref-type="fig"}). As could be observed, a 2% reduction in the dietary CP level markedly down-regulated the mRNA expression of hydroxylamine and glutamate dehydrogenase genes (*P* \< 0.05) with balanced 10 EAA, while a 4% reduction in the dietary CP level remarkably up-regulated that of glutamate synthase genes and nitrogenase gene (*P* \< 0.05). When the dietary CP level was reduced by 4%, the further supplement Val + Ile group and the balanced 10EAA group had down-regulated mRNA expression of denitrification-related genes and carbamate kinase genes whereas up-regulated mRNA expression of glutamate metabolism-related genes (*P* \< 0.05). Tax4Fun analysis also revealed differences in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways among various groups. Among the 297 pathways, 18 KEGG Ortholog (KO) profiles with significant differentiation were selected and displayed in the manner of heat map ([Fig. 5](#fig5){ref-type="fig"}). With balanced 10 EAA, a 2% or 4% reduction in the dietary CP level mainly dramatically up-regulated these pathways related to N and energy metabolism (*P* \< 0.05) (such as "protein processing in endoplasmic reticulum" and the "insulin signaling pathway"), as well as molecular transport and catabolism (like the "Transport and Catabolism" and "Lysosome"); alternatively, it obviously down-regulated the pathways related to genetic information processing (for instance, the "Ribosome" and "mRNA surveillance pathway"). When the dietary CP level was reduced by 4%, those pathways related to partial AA and glucose metabolism (such as the "Val, Leu and Ile biosynthesis" and the "Pentose phosphate pathway") were markedly up-regulated in the further Val + Ile supplementation diet group and the balanced 10 EAA diet group; meanwhile, those pathways related to partial AA and vitamin metabolism (like "Glycine, Serine and Thr metabolism" and "vitamin B~6~ metabolism") were evidently down-regulated.Fig. 4mRNA expression of genes related to nitrogen metabolism of colonic microbiota. (A) mRNA expression of genes related to nitrogen metabolism of colonic microbiota among different dietary protein levels groups. Diet 1 was a high protein diet, diet 2 was a medium protein diet (−2%) and diet 7 was a low protein diet (−4%). (B) mRNA abundance of genes related to nitrogen metabolism of colonic microbiota among different amino acid supplementation patterns in low protein diet (−4%). Diet 3 supplemented with Lys, Met, Thr and Trp, diets 4, 5 and 6 were further supplemented with Ile, Val and Ile + Val on the basis of diet 3, respectively; diet 7 was balanced with 10 EAA.Fig. 4Fig. 5Predicted function of colonic microbiota. (A) Predicted function of colonic microbiota among different dietary protein levels groups. Diet 1 was a high protein diet, diet 2 was a medium protein diet (−2%) and diet 7 was a low protein diet (−4%). GnRH = gonadotropin-releasing hormone; PPAR = peroxisome proliferators-activated receptors. (B) Predicted function of colonic microbiota among different amino acid supplementation patterns in low protein diet (−4%). Diet 3 supplemented with Lys, Met, Thr and Trp; diets 4, 5 and 6 were further supplemented with Ile, Val and Ile + Val on the basis of diet 3, respectively; diet 7 was balanced with 10 EAA.Fig. 5

4. Discussion {#sec4}
=============

Reducing the dietary CP level is an effective way to decrease N excretion without inhibiting the growth of animals ([@bib19]). In this study, with balanced 10 EAA, a 2% or 4% reduction in the dietary CP level markedly reduced N intake and excretion in pigs, which was consistent with results reported from previous studies ([@bib9], [@bib18]). When the dietary CP level was reduced by 4%, the total N excretion in the Lys, Met, Thr, Trp and Ile supplementation group and the 10 EAA balanced group was numerically lower than that in other EAA supplementation groups, which indicated that these 2 diets attained a favorable balanced status of AA, resulting in a high N utilization rate. Results of growth performance ([Appendix Table 9](#appsec1){ref-type="sec"}) also confirmed this deduction. Our results suggested that both the dietary CP levels and EAA supplementation patterns affected N utilization and excretion, among which, the dietary CP levels had greater influence than the EAA supplementation patterns.

The fermentation of nitrogenous compounds becomes more active from the proximal to distal of large intestine as the pH value increases ([@bib26]). Similar to carbohydrates, SCFA are also produced during the nitrogenous fermentation process, while the branched chain fatty acids (BCFA), which account for 5% to 10% of total SCFA, are produced exclusively through the microbial metabolism of branched chain AA ([@bib3]). The amount of BCFA can be used to assess protein fermentation in the large intestine since animals do not contain enzymes that synthesize BCFA. In this study, a 2% or 4% reduction in the protein levels markedly reduced NH~3~--H concentration in colonic contents, which was consistent with the previous report ([@bib20]). Such results indicated that lowering the dietary CP level reduced the N content entering the hindgut and improved N utilization, and such deduction was confirmed through the N balance results. Besides, no difference was found in SCFA content among different dietary protein levels diets, which was consistent to the previous results ([@bib35]). However, [@bib10] reported that the fecal SCFA concentration increased with the dietary protein level increased from 13% to 16%, while the SCFA concentration did not change when the dietary protein level increased from 16% to 21%. Compared with protein fermentation, SCFA was mainly produced by carbohydrate fermentation. Protein and carbohydrate contents in the diets and their utilization efficiencies will affect the amount of nutrients eventually entering the hindgut, which will further affect the production of fermentation products. When the dietary CP level was reduced by 4%, no significant difference in NH~3~--N content among different EAA supplementation groups was observed. However, the isobutyrate concentration of pigs in further supplement Val + Ile group was markedly higher than that in further supplement Lys, Met, Thr and Trp group. When both Ile and Val are supplemented in diet, these 2 branched chain AA will compete for the same transport system due to their similar branch chain structures ([@bib15]). Our results of growth performance also demonstrated that, Ile was more needed than Val in finishing pigs. Thus, Ile was fully absorbed and utilized, while Val utilization was lower; therefore, more Val entered the hindgut and was utilized by microbes to produce more isobutyrate.

Gut microbiota and their fermented metabolites have potential influence on the host health. In our experiment, with balanced 10 EAA, a 2% or 4% reduction in the dietary CP level had no significant effect on the α diversity index of colonic microbiota in fattening pigs, which was consistent with the finding from [@bib35]. Nonetheless, different results were obtained from [@bib10] and [@bib21]. Typically, the inconsistent effects of dietary CP levels on the intestinal microbial diversity might be ascribed to the reduction levels of dietary CP and the duration of experiment.

It was found in our study that, both the dietary CP levels and EAA supplementation patterns altered the structural composition of colonic microbiota, which was also demonstrated by PCoA results. With balanced 10 EAA, a 2% reduction in the dietary CP level markedly reduced *Firmicutes* to *Bacteroidetes* (F:B) ratio. On the other hand, previous studies indicate that plant polysaccharides can decrease the F:B ratio ([@bib8]). When formulating the low protein diets in this study, the soybean meal was partially replaced by wheat bran and corn. Therefore, there were more fibers and starches in the low protein diets, which could increase the abundance of Bacteroidetes. Further analysis at genus level indicated that, a 2% reduction in the dietary protein remarkably boosted the abundance of *Prevotellaceae* NK3B31 group belonging to Bacteroidetes. It has been reported that *Prevotella* spp. can degrade diverse plant polysaccharides, most of which are the fermentable fibers and native cellulose ([@bib4]). When the dietary protein level was reduced by 4%, the amount of N-containing substances that enter the hindgut sharply decreased; in this way, the N metabolism-associated bacteria will compete for the limited N sources. Proteobacteria and Bacteroidetes are the 2 major N-metabolizing microbial communities ([@bib33]). All ammonia-oxidizing bacteria belong to Proteobacteria ([@bib16], [@bib29]). Therefore, more nitrogenous compounds would be utilized by Proteobacteria in the group with 4% reduction in the dietary protein. Further analysis at genus level also discovered that, a 4% reduction in the dietary protein level evidently enhanced the abundances of *Succinivibrio* and *Lachnospiraceae* XPB1014 group. One possible reason is that, the high contents of corn and wheat bran in low protein diet boost the abundances of these 2 bacteria. *Succinivibrio* is an acetate and succinate producing bacterium which can degrade starch and hemicelluloses ([@bib24]), while *Lachnospiraceae* is a kind of soluble polysaccharide-degrading bacterium ([@bib2]). Interestingly, when the dietary protein level was reduced by 4%, changes in the abundance of *Bacteroidetes* were of no statistical significance, which might be related to the fact that the decreases in N metabolism-related bacteria were offset by the increases in plant polysaccharide metabolism-related bacteria.

In this experiment, the colonic microbial diversity was not markedly altered when the dietary CP level was reduced by 4% and different AA were supplemented, however, these treatments changed the abundances of certain bacterial communities. Particularly, in the 3 groups with further Ile and Val + Ile supplementation, as well as balanced 10 EAA, the F:B ratio and the abundance of *Proteobacteria* increased. Further analysis at genus level also discovered that, the abundance of *Anaerovibrio* or *Lachnospiraceae* belonging to Firmicutes was enhanced, while that of *Prevotellaceae* belonging to Bacteroidetes was reduced in these diets. *Prevotella* can degrade starches and ferment proteins ([@bib13]). Results of growth performance and N balance indicated that further Ile and Ile + Val supplementation, as well as balanced 10 EAA, contributed to attaining a balance status of AA, which resulted in a higher N utilization efficiency. A lower fermentation degree of nitrogenous compounds resulted in decreased abundance of *Prevotellaceae*, whereas a higher fermentation degree of carbohydrates led to increased abundance of *Lachnospiraceae*. Our experiment also discovered that the lipid metabolism-related bacterium *Rikenellaceae* RC9 gut group in the Lys, Met, Thr and Trp supplementation group was significantly higher than that in other EAA supplementation groups, which might be related to the fact that the poorly balanced status of AA in these diets not only affected N utilization, but also reduced lipid utilization, resulting in more energy feedstuffs entering the hindgut to be utilized by the *Rikenellaceae* RC9 gut group ([@bib11]). Interestingly, we also found that both protein levels and EAA supplementation patterns affected the abundance of *Lactobacillus*, which suggested that *Lactobacillus* was sensitive to dietary changes.

Different bacterial community structures are associated with different functional genes and nutrient metabolism networks. Based on the Tax4FUN analysis results, the N metabolism-related genes in gut microbiota were influenced by different dietary CP levels and different EAA supplementation patterns. It was also discovered through comprehensive analysis on the results of N balance and Tax4FUN prediction that, a 2% to 4% reduction in the dietary CP level gradually decreased the N content entering the hindgut and N utilization by microbiota. At the same time, the decomposition of certain AA gradually decreased, and N fixation gradually increased by microbiota. When the dietary CP level was reduced by 4%, those genes related to microbial N metabolism were affected by the different EAA supplementation patterns, especially for the further supplementation of Val + Ile and the balanced 10 EAA. After combining the results of growth performance, N balance and Tax4FUN analysis, it could be concluded that diets with Val + Ile supplementation and balanced 10 EAA had favorable balance state of AA, less N entered the hindgut, and N utilization by microbiota was improved.

In this study, other microbial functions were also detected by Tax4FUN analysis, and the enrichment of "N metabolism" and "energy metabolism" pathways in the low dietary CP diets was notably altered. Decreasing the dietary CP levels not only affected N metabolism, but also impacted the functions of protein-containing transporters and metabolic enzymes. Energy is consumed in N metabolism, as a result, changes in N metabolism also affect energy metabolism, such as lipid metabolism and the insulin signaling pathway. Additionally, it was found in this study that a 4% reduction in the dietary CP level notably down-regulated the pathways related to genetic information processing, which might be associated with polyamines in the intestinal lumen. It has been reported that reducing the amount of N-containing compounds entering the large intestine significantly reduces the concentration of cadaverine and putrescine in the cecal and colon in weaned piglets ([@bib17]). Polyamines, the positively charged compounds, are essential for the proliferation, differentiation and functions of bacteria and enterocytes ([@bib7]). Overall, a 4% reduction in the dietary CP level had a greater effect on microbial function than that of a 2% reduction. When the dietary CP level was reduced by 4%, different EAA supplementation patterns had no obvious effect on the metabolism of protein and energy, which only mainly affected the metabolism of some small substances, like AA and vitamins.

5. Conclusions {#sec5}
==============

Reducing the dietary CP levels by 2% to 4% with balancing 10 EAA, or only further supplementing Ile, or Ile + Val to a low CP diet (−4%), enhanced the N utilization efficiency in pigs to various degrees, reduced the entering amount of N-containing substances in the hindgut, resulted in the alterations in the abundances of bacteria associated with N metabolism and polysaccharide degradation. Meanwhile, dietary protein levels had greater effect on the microbial N utilization efficiency as well as other metabolic functions in microorganisms than that of AA addition pattern. Furthermore, reduction of the dietary protein level by 4% had greater effect on the alteration in the composition and functions of colonic microbiota than that of 2% reduction in dietary CP level.
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[^1]: CP = crude protein; EAA = essential amino acids.

[^2]: 10 EAA: Lys, Met, Thr, Trp, Val, Ile, Phe, His, Leu and Arg.

[^3]: EAA = essential amino acids; HCP = high crude protein; MCP = medium crude protein; LCP = low crude protein; FN = fecal nitrogen; UN = urine nitrogen; TN = total nitrogen; RN = retained nitrogen; N ABV = nitrogen apparent biological value.

[^4]: ^x,\ y,\ z^ Superscripts in the same row indicate differences among different levels of dietary protein (*P* \< 0.05).

[^5]: Data are shown as means and standard errors (*n* = 6, number of replicates).

[^6]: *P*~1~ represents the *P*-value of ANOVA among the HCP diet, MCP ([@bib23]) diet and LCP diet under the conditions of 10 EAA balanced; *P*~2~ represents the *P-*value of ANOVA among different amino acid balanced patterns of the LCP diet.

[^7]: EAA = essential amino acids; HCP = high crude protein; MCP = medium crude protein; LCP = low crude protein; BC valerate = branched chain valerate; NH~3~--N = ammonia nitrogen.

[^8]: ^x,y,z^ Superscripts in the same row indicate differences among different levels of dietary protein (*P* \< 0.05).

[^9]: ^a,b,c^ Superscripts in the same row indicated differences among different amino acid balanced patterns of LCP diets groups (*P* \< 0.05).

[^10]: Data are shown as means and standard errors (*n* = 6, number of replicates).

[^11]: *P*~1~ represents the *P*-value of ANOVA among the HCP diet, MCP ([@bib23]) diet and LCP diet under the conditions of 10 EAA balanced; *P*~2~ represents the *P-*value of ANOVA among different amino acid balanced patterns of the LCP diet.

[^12]: EAA = essential amino acids; HCP = high crude protein; MCP = medium crude protein; LCP = low crude protein.

[^13]: Data are shown as means and standard errors (*n* = 6, number of replicates).

[^14]: *P*~1~ represents the *P*-value of ANOVA among the HCP diet, MCP ([@bib23]) diet and LCP diet under the conditions of 10 EAA balanced; *P*~2~ represents the *P-*value of ANOVA among different amino acid balanced patterns of the LCP diet.
